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Abstract
The aim of the study was to examine the mechanisms by which ACh, acting via m2 receptors,
regulates GRK2-mediated VPAC2 receptor desensitization in gastric smooth muscle cells. VIP
induced VPAC2 receptor phosphorylation and internalization in freshly dispersed smooth muscle
cells. Co-stimulation with acetylcholine (ACh), in the presence of m3 receptor antagonist, 4-DAMP,
augmented VPAC2 receptor phosphorylation and internalization. The m2 receptor antagonist
methoctramine or the c-Src inhibitor PP2 blocked the effect of ACh, suggesting that the augmentation
was mediated by c-Src, derived from m2 receptor activation. ACh induced activation of c-Src and
phosphorylation of GRK2 and the effects of ACh were blocked by methoctramine, PP2, or by
uncoupling of m2 receptors from Gi3 with pertussis toxin. In conclusion, we identified a novel
mechanism of cross-regulation of GRK2-mediated phosphorylation and internalization of Gs-
coupled VPAC2 receptors by Gi-coupled m2 receptors via tyrosine phosphorylation of GRK2 and
stimulation of GRK2 activity.
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Smooth muscle of the gastrointestinal tract exhibits tone on which rhythmic contractions are
superimposed. Both, the frequency and amplitude of rhythmic contractions and the muscle
tone, are modulated by excitatory and inhibitory neural inputs from the myenteric plexus of
the enteric nervous system. Excitatory transmitters consist of acetylcholine (ACh) and
tachykinins, and inhibitory transmitters consist of vasoactive intestinal peptide (VIP), pituitary
adenylyl cyclase-activating peptide (PACAP), and nitric oxide (NO) [1,2]. About 30% of the
myenteric neurons contain VIP, PACAP, and the NO synthase, the enzyme responsible for
generation of neural NO. About 40% of the neurons contain ACh and tachykinins. There is no
overlap between these groups of nerve fibers and the fibers project into muscle layers.
Excitatory neurons mainly release acetylcholine, whereas inhibitory neurons co-release VIP/
PACAP and NO [1,2].

On the smooth muscle of the gastrointestinal tract, ACh interacts with two muscarinic receptors
to activate distinct signaling pathways[3–5]. The more abundant (~80%) m2 receptors are
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coupled to inhibition of adenylyl cyclase and activation of PI 3-kinase/c-Src pathways via α
and β γ subunits of pertussis toxin (PTx)-sensitive G protein Gi3 [3]. m3 receptors are coupled
to activation phospholipase C (PLC-β1) and RhoA via Gαq and Gα13, respectively, to mediate
initial Ca2+-dependent and sustained Ca2+-independent MLC20 phosphorylation and muscle
contraction [4].

VIP and PACAP interact with three types of receptors that belong to the family of class II G
protein-coupled receptors: VPAC1 and VPAC2 receptors, which possess equal affinity for VIP
and PACAP, and PAC1 receptors, which possess high affinity for PACAP only [6–9]. Smooth
muscle cells of the gut express predominantly VPAC2 receptors, but not VPAC1 or PAC1
receptors [7]. VPAC2 receptors are coupled to stimulation of adenylyl cyclase, cAMP
formation, cAMP-dependent protein kinase (PKA) activation, and muscle relaxation [10].
VPAC2 receptor regulation appears to be distinct from VPAC1 and PAC1 receptors and from
other members of the class II G protein-coupled receptors such as secretin [11–14]. We have
recently shown that VPAC2 receptor phosphorylation, internalization, and desensitization are
exclusively mediated by G protein-coupled receptor kinase 2 (GRK2) [15]. VPAC2 receptor
phosphorylation internalization and desensitization, however, are regulated by PKA in a
feedback mechanism. PKA phosphorylates GRK2 at serine 685 and enhances its ability to
mediate VPAC2 receptor phosphorylation, internalization, and desensitization [15,16].

Most studies on receptor regulation have used GRK2 as a prototype kinase that phosphorylates
many G protein-coupled receptors [16–18]. The activity and localization of GRK2 are
regulated by phosphorylation by kinases such as PKA, protein kinase C (PKC), c-Src, and
extracellular regulated kinases (ERK1/2) and binding to signaling molecules such as
phosphatidylinositol 4,5-bisphosphate, calmodulin, caveolin, and Gβ γ subunits [14,16,18–
27]. The interaction of Gβ γ with GRK2 assists the kinase to target to the membrane and
stimulates its catalytic activity toward the receptor. We postulate that concomitant activation
of muscarinic m2 receptors modulates VPAC2 receptor phosphorylation and desensitization,
and we demonstrate that activation of c-Src by Gi3-coupled m2 receptors induces
phosphorylation of GRK2 resulting in augmentation of GRK2-mediated VPAC2 receptor
phosphorylation and internalization.

MATERIALS AND METHODS
Dispersion and culture of gastric smooth muscle cells

Smooth muscle cells were isolated from the circular muscle layer of rabbit stomach by
sequential enzymatic digestion, filtration, and centrifugation as described previously [4,5,10].
Briefly, smooth muscle strips were incubated at 31°C for 20 min in HEPES medium containing
type II collagenase (0.1%) and soybean trypsin inhibitor (0.1%). Muscle cells were harvested
by filtration through 500 μM Nitex and centrifuged twice at 350 g for 10 min.

[125I]VIP binding to smooth muscle cells
Binding of [125I]VIP to freshly dispersed muscle cells was done as described previously [28].
Cell aliquots (2 × 106 cell/ml) were incubated for 60 min at 4° C with 50 pM [125I]VIP, followed
by separation of bound and free radioligands by rapid filtration through 5 μm polycarbonate
Nucleophore filters. Non-specific binding was calculated as the amount of radioactivity in the
presence of 10 μM of VIP. [125I]VIP binding was measured in the control cells and in cells
pretreated for 30 min with 1 μM VIP to induce VPAC2 receptor internalization. VIP was added
alone or in the presence of ACh (0.1 μM) plus m3 receptor antagonist diphenylacetoxy-N-
methylpiperidine (4-DAMP, 0.1 μM) to co-activate m2 receptors.
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Phosphorylation of VPAC2 receptor and GRK2
Phosphorylation of VPAC2 receptor, or GRK2 was measured in cells labeled with 32P followed
by immunoprecipitation with antibody to VPAC2 receptor or GRK2. Samples (3 × 106 ml)
were incubated with various concentrations of VIP (1 pM to 1 μM) for 5 min and homogenized
in lysis buffer (10 mM Tris (pH 7.5), 50 mM NaCl, 1% Triton X-100, and 60 mM octyl
glucoside). For cross-regulation, samples were incubated with sub-maximal concentrations of
VIP (10 nM) in the presence or absence of 0.1 μM ACh (plus the m3 receptor antagonist 4-
DAMP). The cell lysates were incubated with antibody to VPAC2 receptor or GRK2 for 2 h
at 4°C and with 40 μl of protein A-Sepharose for another 1 h. The immunoprecipitates were
extracted with Laemmli sample buffer, boiled for 5 min, and separated by SDS-PAGE. After
transfer to nitrocellulose membranes, [32P]GRK2 or [32P]VPAC2 receptor was visualized by
autoradiography, and the amount of radioactivity in the protein band was measured. The results
were expressed as counts per minute [29].

GRK2 phosphorylation was also measured in non-labeled cells using phospho-tyrosine
antibody in GRK2 immunoprecipitates. GRK2 immunoprecipitates were separated by SDS-
PAGE, transferred to PVDF membrane, and probed with an antibody to the phospho-tyrosine
residue. After incubation with a secondary antibody, the proteins were visualized using
enhanced chemiluminescence.

Activation of c-Src
Activation of c-Src was measured by Western blot analysis. using a phospho-Src (Tyr527)
antibody. Dispersed muscle cells were treated with ACh plus 4-DAMP in the presence or
absence of a selective c-Src inhibitor, PP2 (1 μM), and solubilized on ice for 2 h in 20 mM
Tris/HCl medium containing 1 mM DTT, 100 mM NaCl, 0.5% SDS, 1 mM PMSF, 10 μg/ml
leupeptin, and 100 μg/ml aprotinin. The proteins were resolved by SDS-PAGE and transferred
electrophoretically to PVDF membrane. The membranes were incubated for 12 h with
phospho-Src (Tyr527) antibody and then for 1 h with horseradish peroxidase-conjugated
secondary antibody. The bands were identified by enhanced chemiluminiscence.

Materials
[125I]VIP and [32P]orthophosphate were obtained from NEN Life Sciences Products (Boston,
MA); antibodies to VPAC2 receptors, GRK2, c-Src, phospho-c-Src (Tyr527), and phospho-
tyrosine were obtained from Santa Cruz Biotechnologies (Santa Cruz, CA); Western blotting
and chromatography materials were obtained from Bio-Rad Laboratories (Hercules, CA);
collagenase and soybean trypsin inhibitor were obtained from Worthington Biochemical
(Freehold, NJ); all other reagents were from Sigma.

Statistical analysis
All values are expressed as means ± SE; n represents the number of animal studies. Regression
analysis was performed using GraphPad Prism® 4. Statistical analysis was performed by
unpaired t-test and P< 0.05 was considered statistically significant.

RESULTS
Concentration-dependent phosphorylation and internalization of VPAC2 receptors by VIP

Treatment of freshly dispersed smooth muscle cells with VIP induced phosphorylation of
VPAC2 receptor in a concentration-dependent fashion with an EC50 of 4±3 nM and maximal
phosphorylation was obtained with 1 μM VIP (Fig. 1). VPAC2 receptor internalization was
assessed by the decrease in 125I-VIP binding to the surface receptors after treatment with VIP.
Pretreatment of cells with different concentration VIP (1 pM to 1 μM) caused a decrease in
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[125I]VIP binding to surface receptors, suggesting agonist-induced internalization of VPAC2
receptors. The effect of VIP on receptor nternalization was concentration-dependent with an
EC50 of 8±5 nM and maximal internalization was obtained with 1 μM VIP (Fig. 1). The
concentration-response curve for VPAC2 receptor phosphorylation was similar to that for
VPAC2 receptor internalization, suggesting that the extent of receptor phosphorylation was
related to the extent of receptor internalization.

Augmentation of VPAC2 receptor phosphorylation by m2 receptor via c-Src
Treatment of dispersed smooth muscle cells with VIP (10 nM) induced significant
phosphorylation of VPAC2 receptors. Co-treatment of muscle cells with ACh in the presence
of m3 antagonist 4-DAMP (i.e., by activation of m2 receptors) significantly (P<0.01) enhanced
the effect of VIP on VPAC2 receptor phosphorylation (Fig. 2). The stimulatory effect of ACh
was blocked by the m2 receptor antagonist, methoctramine (0.1 μM), or by the c-Src inhibitor,
PP2 (1 μM) (Fig. 2). ACh alone in the absence of VIP had no effect on VPAC2 receptor
phosphorylation.

Augmentation of VPAC2 receptor internalization by m2 receptor via c-Src
Pretreatment of cells with 1 nM VIP caused a significant decrease (43±4 % decrease) in the
binding of [125I]VIP to the surface receptors (Fig. 3). Co-treatment of cells with ACh in the
presence of m3 antagonist 4-DAMP caused a further decrease (79±6 % decrease, P<0.01) in
[125I]VIP binding. The effect of ACh was blocked by methoctramine (01. μM) or PP2 (1 μM)
(Fig. 3). ACh alone, in the absence of VIP, had no effect on [125I]VIP binding. These results
suggest that co-activation of m2 receptors augments VPAC2 receptor internalization via c-Src.

Phosphorylation of GRK2 by m2 receptor via c-Src
Previous studies have shown that agonist-induced VPAC2 receptor phosphorylation and
internalization were blocked in cells expressing dominant negative GRK2(K220R), suggesting
that phosphorylation and internalization were mediated exclusively by GRK2 [15]. To
elucidate the possible role of c-Src-mediated phosphorylation of GRK2 in the augmentation
of VPAC2 receptor internalization, we measured c-Src activation and c-Src-mediated GRK2
phosphorylation in response to m2 receptor activation.

ACh induced activation of c-Src, measured as phosphorylation of tyrosine 527 using phospho-
specific (Phospho-Src (Tyr527)) antibody, in smooth muscle cells. The effect of ACh on c-Src
activity was blocked by methoctramine, PTx or PP2, suggesting that activation of c-Src was
mediated by the m2 receptor via a PTx-sensitive G protein, Gi3 (Fig. 4). ACh also induced
phosphorylation of GRK2 measured in GRK2 immunoprecipitates in metabolically labeled
cells and in non-labeled cells using a phospho-tyrosine antibody. Phosphorylation of GRK2
was blocked by methoctramine, PTx, or PP2 (Fig. 5). The results imply that activation of c-
Src by m2 receptors leads to phosphorylation of GRK2.

DISCUSSION
Although the peristalsis of the gastrointestinal tract involves sequential contractions and
relaxations mediated by excitatory (e.g., ACh) and inhibitory transmitters (e.g., VIP), signaling
by the neurotransmitters often overlaps or develops concurrently. The present study
characterized the cross-regulation of VIP-induced VPAC2 receptor internalization by
concurrent activation of predominant m2 receptors by ACh in smooth muscles and provided
evidence that co-activation of m2 receptors augmented VPAC2 receptor phosphorylation and
internalization. The mechanism involves Gi3-dependent activation of c-Src by m2 receptors
leading to tyrosine phosphorylation of GRK2 and stimulation of GRK2-dependent VPAC2
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receptor phosphorylation and internalization. The evidence for the mechanism is based on a
combination of experimental strategies.

a. VIP-induced phosphorylation and internalization of VPAC2 receptors were
augmented upon concurrent activation of m2 receptors by ACh.

b. The stimulatory effect of ACh was blocked by the m2 receptor antagonist,
methoctramine, PTx, or by the c-Src inhibitor, PP2.

c. The studies were also complimented by direct measurements of c-Src activity and
GRK2 phosphorylation by ACh.

Activation of c-Src and phosphorylation GRK2 by ACh was mediated by the m2 receptors,
since methoctramine or PTx blocked both events. Previous studies have shown that
methoctramine-sensitive receptors were selectively uncoupled from Gi3 by PTx [4,5]. GRK2
phosphorylation, in addition, was blocked by PP2 suggesting that co-activation of Gi3-coupled
m2 receptors augments the activity GRK2 via c-Src. Recent studies have shown that activation
of c-Src by m2 receptors was mediated via Gβγ-dependent activation of PI 3-kinase. c-Src
activity was blocked by the PI 3 kinase inhibitor, LY294002, or in cells expressing Gβγ-
scavenging peptide [30]. ACh, in the absence of VIP, had no direct effect on VPAC2 receptor
phosphorylation, providing evidence that any increase in VPAC2 receptor phosphorylation and
internalization by m2 receptors resulted from phosphorylation of GRK2 and stimulation of its
activity.

GRK2 is a ubiquitous serine/threonine kinase that phosphorylates agonist occupied G protein-
coupled receptors to initiate their internalization and desensitization [26]. Phosphorylation of
the receptor by GRK2 allows interaction of β-arrestin with receptor and β-arrestin-mediated
recruitment of clathrin, thus initiating receptor internalization, as a prelude to deposphorylation
and recycling of the receptor. GRK2 activity was shown to be regulated by phosphorylation
on serine residues by other kinases such as PKA, PKC ERK1/2 and on tyrosine residue by
kinases such as c-Src [16,18,22,27]. Direct phosphorylation of GRK2 on serine 29 located in
the calmodulin binding of GRK2 by PKC leads to an increase in GRK2 activity by eliminating
the inhibition exerted by the binding of calmodulin, whereas phosphorylation of Raf-kinase
inhibitor protein (RKIP) by PKC and subsequent switching of RKIP binding from its known
target, Raf-1 to GRK2, leads to inhibition of GRK2 activity [24,31]. Phosphorylation on serine
670 by ERK1/2 inhibits GRK2 activity and sensitivity to Gβγ, whereas expression of dominant
negative MEK1, the upstream activator of ERK1/2, increases agonist-induced β-adrenergic
receptor phosphorylation suggesting inhibition of GRK2 activity by ERK1/2 [26]. GRK2
activity was also regulated by a feedback phosphorylation via PKA derived from activation of
Gs-coupled receptors such as β-adrenergic receptors and VPAC2 receptors[15,16].
Phosphorylation of GRK2 on serine 685 increases its binding to Gβγ and the ability of GRK2
to phosphorylate VPAC2 receptors. Inhibition of PKA activity or expression of PKA
phosphorylation-deficient GRK2 (GRK2-S685A) blocked VIP-induced VPAC2 receptor
phosphorylation, internalization, and desensitization[15].

Sarngo et al. [27] have reported that GRK2 is a high affinity substrate for non-receptor tyrosine
kinase, c-Src, and that agonist-stimulation of β-adrenergic receptors results in rapid increase
in GRK2 phosphorylation on tyrosine residues. The concept that GRK2 is one of the targets
of c-Src is consistent with GRK2 being the partner of the multi-protein complex formed upon
activation of many G protein-coupled receptors [16]. Within this multi-protein complex, c-Src
could potentially phosphorylate GRK2 and thereby increase the catalytic activity of GRK2.
Phosphorylation by c-Src was shown to promote an increase in the catalytic activity of GRK2
toward an exogenous substrate in vitro as well as receptor phosphorylation in intact cells [23,
27]. The mechanism(s) by which tyrosine phosphorylation affects the activity of GRK2 is not
known. Studies by Panella et al. [25] however, using c-Src phosphorylation-d eficient GRK2
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(GRK2-Y/13/86/92F), have shown that neither the activity nor the subcellular localization of
GRK2 was affected by phosphorylation via c-Src. In a purified protein system, the catalytic
activity of GRK2-Y13/86/92F was equivalent to that of wild-type GRK2. In contrast, these
studies provided evidence that phosphorylation by c-Src increased GRK2 degradation. The
presence of tyrosine kinase inhibitor or expression of GRK2-Y13/86/92F leads to an increase
in steady-state GRK2 expression in different cell lines [25]. Stimulation of c-Src activity and
phosphorylation of GRK2 by VPAC2 receptor internalization alone does not seem to occur,
since c-Src inhibitor in the absence of m2 receptor activation had no effect on VPAC2 receptor
phosphorylation and internalization. c-Src activation and augmentation of VPAC2 receptor
phosphorylation and internalization were selective for Gi3-coupled m2 receptors and the effects
are blocked by blocking m2 receptors, either with a selective antagonist or by uncoupling the
receptors from Gi proteins with PTx. Thus, VPAC2 receptor phosphorylation and
internalization are cross-regulated by co-activation of m2 receptor, but not by feedback
regulation by VPAC2 receptor activation alone.

In summary, the present studies provide evidence for a cross-talk mechanism by which
activation of c-Src via Gi-coupled receptors regulates signaling by Gs-coupled receptors. Our
studies also suggest that GRK2 could be a potential target for cross-regulation of receptors
when there is concurrent activation of c-Src. The results are of particular interest in the context
of many studies characterizing the signaling by VIP and PACAP in muscle tissue pre-
contracted with contractile agents that could result in the activation of c-Src. In addition, the
increase in VPAC2 receptor internalization by m2 receptors could play a role in the attenuation
of VIP response during inflammation with augmented m2 receptor function [32].
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Figure 1. Normalized concentration-response curves for VPAC2 receptor phosphorylation and
internalization in freshly dispersed gastric smooth muscle cells
VPAC2 receptor phosphorylation in response to various concentrations of VIP (1 pM to 1
μM) was measured in cells labeled with 32P. Immunoprecipitates derived from 500 μg of
protein using VPAC2 receptor antibody were separated on SDS-PAGE. Bands corresponding
to VPAC2 receptor (p-VPAC2 R) were identified by autoradiography. Radioactivity in the
bands was expressed as counts per minute (cpm). VPAC2 receptor internalization was assessed
by the decrease in 125I-VIP binding to the surface receptors after pretreatment with VIP (1 pM
to 1 μM). Non-specific binding was determined as binding of [125I]VIP in the presence of 10
μM unlabeled VIP. Specific [125I]VIP binding was expressed as counts per minute. Response
to 1 μM VIP calculated from the regression curve was defined as 100% for each response.
Values are expressed as means ± SE of four experiments.
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Figure 2. Stimulation VPAC2 receptor phosphorylation by m2 receptor activation via c-Src
Gastric smooth muscle cells labeled with 32P were incubated with VIP (10 nM) or VIP plus
ACh (0.1 μM plus m3 receptor antagonist 4-DAMP) for 5 min in the absence or presence of
m2 receptor antagonist methoctramine (0.1 μM) or c-Src inhibitor PP2 (1 μM). VPAC2 receptor
phosphorylation was measured as described in the Methods. Immunoblot analysis showed
equal amounts of loaded protein (not shown). Values are means ± SE of four experiments. **
P<0.01 significant increase in VPAC2 receptor phosphorylation in the presence of ACh
compared with phosphorylation by VIP alone
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Figure 3. Stimulation of VPAC2 receptor internalization by m2 receptor activation via c-Src
Freshly dispersed gastric muscle cells were incubated for 30 min with VIP (10 nM) or VIP
plus ACh (0.1 μM plus m3 receptor antagonist 4-DAMP) in the absence or presence of
methoctramine (0.1 μM) or PP2 (1 μM). After washing, muscle cells were incubated for 60
min at 4°C with 50 pM [125I]VIP. VPAC2 receptor internalization was assessed as described
in the methods. Values are expressed as means ± SE of four experiments. ** P<0.001 significant
increase in VPAC2 receptor internalization in the presence of ACh compared with
internalization with VIP alone.
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Figure 4. Activation of c-Src by m2 receptors
Gastric muscle cells were treated with ACh (0.1μM) in the presence or absence of
methoctramine (0.1 μM) or PP2 (1 μM) for 5 min and activation of c-Src (p-c-Src) was
measured using phospho-Src (Tyr527) antibody. Pertussis toxin (400 ng/ml) was added for 60
min and then stimulated with ACh. Immunoblot analysis showed equal amounts of loaded
protein (not shown). Values are expressed as means ± SE of four experiments. ** P<0.001
significant increase in c-Src activation by ACh.
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Figure 5. Phosphorylation of GRK2 by c-Src
Gastric smooth muscle cells labeled with 32P were incubated with ACh (0.1μM) in the presence
of absence of methoctramine (0.1 μM) or PP2 (1 μM) for 5 min. Pertussis toxin (400 ng/ml)
was added for 60 min and then stimulated with ACh. Immunoprecipitates derived from 500
μg of protein using GKR2 antibody were separated on SDS-PAGE. Bands corresponding to
GRK2 (p-GRK2) were identified by autoradiography. Radioactivity in the bands was expressed
as counts per minute (cpm). Immunoblot analysis showed equal amounts of loaded protein (not
shown). GRK2 phosphorylation was also measured in non-labeled cells using phospho-
tyrosine antibody in GRK2 immunoprecipitates (GRK2(p-Tyr)). Values are means ± SE of
four experiments. ** P<0.01 significant increase in GRK2 phosphorylation by ACh.
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